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In this study, we investigated the responses of Phaeodactylum tricornutum cells acclimated to 300 mmol m 22 s 21 photon flux density to an increase (1000 mmol m 22 s
21
) or decrease (30 mmol m 22 s
) in photon flux densities. The light shift occurred abruptly after 5 days of growth and the acclimation to new conditions was followed during the next 6 days at the physiological and molecular levels. The molecular data reflect a rearrangement of carbon metabolism towards the production of phosphoenolpyruvic acid (PEP) and/ or pyruvate. These intermediates were used differently by the cell as a function of the photon flux density: under low light, photosynthesis was depressed while respiration was increased. Under high light, lipids and proteins accumulated. Of great interest, under high light, the genes coding for the synthesis of aromatic amino acids and phenolic compounds were upregulated suggesting that the shikimate pathway was activated.
This article is part of the themed issue 'The peculiar carbon metabolism in diatoms'.
Background
Light is a driving force behind biomass production by photosynthetic organisms. Variation of the light regime strongly affects microalga ecology, physiology, chemical composition and gene expression. Therefore, manipulation of light appears to be an attractive tool for enhancing growth of microalgae in order to extend the use of these organisms in biotechnology [1 -3] . Diatoms constitute one of the most abundant and diversified groups of microalgae. Diatoms are particularly adapted to grow in very dynamic environments, suggesting they have sophisticated mechanisms to perceive and rapidly respond to environmental variations [4] [5] [6] . Understanding molecular and physiological responses of diatoms to fluctuations in light fluxes is important for parametrizing models of photosynthetic productivity, providing directions for improvements of overall biomass yields and for engineering superior strains or cultivation methods [7] . The availability of the genome [8] , transcriptomic and proteomic data of Phaeodactylum tricornutum exposed to different stimuli including light [9] [10] [11] , oxidative [12] and nutrient stresses [13] [14] [15] made this species a model of choice to study the existence of adaptive strategies in diatoms. For instance, P. tricornutum has the capacity to survive in darkness for a long period [16] , maintaining a functional photosynthetic apparatus during dark periods, and promptly recovers upon re-illumination [10] . Phaeodactylum responds to changes in light exposure through physiological upregulation and downregulation mechanisms. Long-term mechanisms (hours to days), generally designated as photoacclimation, include changes in the levels of photosynthetic pigments, electron transport chain components, enzymes of carbon metabolism and/or non-photochemical quenching [9, [17] [18] [19] [20] [21] [22] . Non-photochemical quenching designates a set of photoprotective mechanisms that relies on the generation of DpH between the thylakoid lumen and the chloroplast stroma during light exposure, and back conversion in its absence (i.e. typically in the dark). Nuclear-encoded Lhcx proteins are involved in the non-photochemical quenching in the pennate diatom P. tricornutum [18, 19] and the centric diatom Thalassiosira pseudonana [20, 21] . Each of these mechanisms develops under a certain time frame. Rohacek et al. [22] have established a mathematical method that allows the determination of the intensity of fast, intermediate and slow non-photochemical components. Still, molecular mechanisms behind photoacclimation in diatoms are largely unknown, especially those involved in photoacclimation to low photon flux densities. For instance, Nymark et al. [17] studied the photoacclimation of P. tricornutum during the first 48 h following an increase of low to medium photon flux density. In this time frame, the major differences concerned the photosynthetic machinery involved in the photochemical phase of photosynthesis while the biochemical phase of photosynthesis, i.e. the Calvin cycle, remained mostly unaffected [17] . On the other hand, under stress conditions, diatoms may reorient their metabolism towards the production of lipids [23] . This process is enhanced in the presence of high CO 2 concentration [24] . While it has been shown that light exerts a control on this phenomenon [25] , it has not been investigated whether the CO 2 availability also plays a regulatory role. To address this question, we conducted an integrated analysis combining pigment, lipid and protein quantification, activity and efficiency of photosynthesis, photoprotection mechanisms and transcription levels of genes important for carbon metabolism, in axenically grown P. tricornutum under CO 2 for a period of 6 days. This information contributes to the understanding of the carbon partitioning in diatom cells and opens doors to improvement of microalgal biotechnological processes for production of biomolecules [26] .
Material and methods (a) Culture conditions and sampling
Phaeodactylum tricornutum Bohlin (UTEX 646) was grown in batch cultures in 200 ml of f/2 prepared with artificial seawater [27] . The growth medium was supplemented with NaHCO 3 at a final concentration of 11.9 mM. The concentration of nitrate was 10 mM. The algae were grown in 500 ml Erlenmeyer flasks containing 200 ml of growth medium. The flasks were continuously agitated at 100 r.p.m. Cells were irradiated at a photon flux density of 300 mmol m 22 s 21 as medium light (ML) using cool-white fluorescent tubes (Philips Master TLD 90 DE luxe 58 W/965 and Osram L58/77 FLUORA). After 5 days of culture, some of the flasks were transferred to LL and some to HL. The rest, which remained under ML, were used as controls. The intensities of optimal and stressful light were determined using Photosynthesis-Energy curves (see electronic supplementary material, Data SD1). In the manuscript, the day at which cultures were shifted is denoted as day 0. The photon flux densities were measured in an Erlenmeyer filled with growth medium using a 4p waterproof light probe (Walz, Germany) connected to a Li-Cor 189 quantum metre [28] .
The cycle was 12 L : 12 D and the growth temperature was 218C. Cell counting was carried out regularly using a Neubauer haemocytometer and growth rate was obtained after fitting growth kinetics with the sigmoid equation using the freeware Curve expert (http://www.curveexpert.net/).
(b) Photosynthetic and respiratory activities
Photosynthetic and respiratory activities were measured at 218C in the light and in the dark using a fibre optic oxygen metre (Pyroscience w FireSting O 2 , Germany) using a diatom suspension (1.5 ml). Calculated values were normalized for cell density. To avoid CO 2 shortage during measurements, the cultures were provided with NaHCO 3 (final, 4 mM per stock, 0.2 M) [29] .
(c) Chlorophyll and carotenoids isolation and quantification
Chlorophyll and carotenoids were extracted and quantified according to the methods described in Jeffrey [30] . Briefly, the samples were collected every day at the same time during the light phase. The cell suspension was centrifuged at 48C, 16000g for 5 min (Eppendorf w Centrifuge 5415R). The supernatant was removed; the pigments were extracted with 100% acetone (48C) (LABOSI w AR) by grinding (held in an ice-bath) and in darkness as recommended in Schoefs [31] . The extract was then quantitatively transferred to centrifuge tube and incubated for at least 4 h at 48C in the dark. The full absorption spectrum of the pigment extract solution was recorded between 800 and 400 nm (Perkin Elmer w Lambda-25). The chlorophyll (Chl) a and Chl c concentrations were calculated according to Jeffrey [30] . The variations of the chlorophyll fluorescence yield were measured and analysed according to Roháček et al. [22] . In brief, the chlorophyll fluorescence yield was monitored at the growth temperature after a dark-adaptation period (15 min). F 0 was recorded under a weak modulated light (less than 15 mmol PAR m 22 s
21
, 800 Hz). The sample was illuminated during a 7 min non-saturating white actinic radiation with a photon flux density corresponding to the growth photon flux density (KL 1500; H.Walz, Germany). At the end of the actinic illumination, the dark relaxation of the chlorophyll fluorescence yield was recorded in order to allow quenching analysis. shortage during measurements, the cultures were provided with NaHCO 3 (final, 4 mM per stock, 0.2 M) [22] . The photon flux density used for saturating pulses was 1200 mmol PAR m 22 s 21 .
(e) Determination of lipid and protein content
Total lipid content was extracted using 10 8 -10 9 cells and was determined by the gravimetric method (Mettler Toledo M5 25-60C) and the content expressed in picograms per cell [32] . Total protein content was quantified using the Bradford method [33] .
(f ) Quantification of intracellular carbon and cellular carbon quota
Cell carbon quota (Q C ) was determined using a CN elementar analyser (EAGER 300, Thermo Scientific). Samples were filtered through precombusted Whatman GF/C glass filters under gentle vacuum (50 mm Hg) and dried at 708C for 48 h. The volume of solution filtered was adjusted to have either 0.1 or 0.3 Â 10 8 cells per filter.
(g) Primer design, real-time quantitative PCR and analyses
A total of 33 enzymes involved in carbon metabolism pathways in P. tricornutum were selected and the corresponding genes/isogenes (of 74) coding for each enzyme (electronic supplementary material, table SD2) were searched in genomic data using diatomcyc: http://www.diatomcyc.org; JGI portal: http://genome. jgi.doe.gov/; BLAST: http://blast.ncbi.nlm.nih.gov/Blast.cgi. Primers were designed using Primer Express v. 2.0 (Applied Biosystems, Foster City, CA, USA). In three points of sampling (figure 1) mRNA extractions were performed using the Spectrum Total RNA kit (Sigma Aldrich) protocol with on-column DNase digestion (Sigma-Adrich). RNA concentrations of samples were determined by UV absorption at 280/260 nm (Nanodrop). Real-time PCR reactions were performed using a Step One Plus apparatus (Applied Biosystems) with the Gotaq QPCR Master Mix (Promega). The threshold cycle (C t ) was determined by the Step One Plus v. 2.1 software. The efficiency of the PCR reaction was calculated for each gene using the C t slope method, which involves generating a dilution series of the target template and determining the C t value for each dilution. A plot of C t versus log (concentration) was constructed and efficiency (E) expressed as E ¼ 10
(1/slope) . Efficiencies calculated for all genes (90 E 110) indicated correct PCR reactions without inhibition [34] .
Amplified products of the expected sizes were excised from agarose gel and purified using the QIAEX II gel extraction kit (Qiagen), then cloned into pGEMT plasmid vector (Promega) and sequenced by Beckman Coulter Genomics (Sanger sequencing). BLAST analysis confirmed the sequence identification. Out of the 12 housekeeping gene (HKG) candidates, the most stable (tbp, ubi and rps) were selected due to high C t standard deviation (greater than 1) and weak pairwise correlations ( p . 0.05) compared with the 10 others ( p , 0.001). The selected HKG were used as the endogenous control genes to normalize the expression of the 74 target genes, using the Bestkeeper Software [35] . The calculation of the relative expression (RE) was based on the comparative C t method and calculated as RE ¼
DCt HKG ) with DC t ¼ C tML 2 C tsample [36] . In all conditions, ML was used as control and heatmaps with log 2 (RE) were performed using Netwalker 1.0.
(h) Statistical analysis
Statistical analyses for physiological data were performed with Student's t-test, and p 0.05 was considered statistically significant.
Results and discussion
To get insights on the mechanisms involved in diatom photoacclimation, ML photoacclimation diatoms were subjected to a sudden light shift to LL or HL. In the ocean, Phaeodactylum is a taxon usually found in coastal waters and ponds. Near the surface, e.g. 20 cm depth, they can be exposed to photon flux densities as high as 1500 mmol m 22 s 21 [37] .
This high irradiance generally corresponds to full sunlight [38] . As diatoms can cope with wide variation in irradiance [39] , the range use in the present study can be considered as that of natural conditions for P. tricornutum. Transcriptional regulation of selected genes coding for enzymes involved in carbon metabolism, change in pigment, lipid and protein amounts as well as in the efficiency of photosynthesis, respiration and light energy dissipation were analysed in the material harvested immediately before the light shift and 3 and 6 days after the light shift. Based on these measurements we observed rearrangements of carbon metabolism towards the production of phosphoenolpyruvic acid (PEP) and/or pyruvate. These intermediates were used differently by the cell as a function of the photon flux density. Of most interest, under HL, the genes coding for the synthesis of aromatic amino acids and phenolic compounds were upregulated.
(a) Phaeodactylum tricornutum adjusts its physiological processes to new lighting conditions
Light is a major factor regulating the development of microalgae [2] . In this study, the impacts of a fast change from optimal growth light intensity (ML) to stressful light intensities (LL and HL) on growth, physiology and expression level of genes coding for enzymes involved in the carbon metabolism of the diatom P. tricornutum are followed. Qualitatively, the same modifications in the pigment amount were observed under the three photon flux densities: the amounts of Chl a and total carotenoids increased during rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160396 the period of investigations, reflecting the need to harvest more light when the number of cells was increasing. This is corroborated by the decrease of the Chl a/Chl c ratio and the increase of total carotenoids/Chl a ratio, two proxies reflecting the size of the light-harvesting antenna [40 -42] (see electronic supplementary material, Data SD3) and consequent development of more thylakoid membranes [43] . While not studied, the carotenoid composition may have been modified differently under the photon flux densities used here [44] . For instance, only very high photon flux densities trigger the synthesis of the xanthophyll cycle violaxanthinantheraxanthin -zeaxanthin carotenoids [45] . Quantitatively, the variations were the most intense in the cells shifted to LL (see electronic supplementary material, Data SD3), indicating that these cells were severely deficient in photons. Accordingly, the photosynthetic activity remained weak. To sustain the cell with reductants and energy, the respiratory activity was increased indicating the use of a suitable intracellular carbon pool as suggested in Post et al. [46] (see electronic supplementary material, Data SD4 and Data SD5). The use of an intracellular carbon pool would explain the lowering of the Q C values after the light shift. At that moment only 40% of the initial carbon content of the culture was consumed (table 1) . Altogether, cells were dividing under LL at a lower rate than under ML and HL, resulting in a lower total cell number in the plateau phase than under the two other light intensities (inset in figure 1 ). Reaching the stationary phase was essentially due to the reduction of carbon availability in the culture (figure 1). Three days after the shift to HL, the cell quotas of Chl and total carotenoid of diatoms were lower than under ML and the size of the light-harvesting antenna was reduced. The destructuration of the pigment-protein complexes is a process that may release free Chl in the chloroplast. The capacity of free tetrapyrroles to generate reactive oxygen species (ROS) is a well-established process [47] that can be limited if the Chl production is slowed down together with the activation of ROS detoxification mechanisms. Accordingly, Nymark et al. [9] have reported a decrease in the expression of the genes coding the enzymes of the Chl biosynthetic pathway and an increase of the expression of the genes coding enzymes involved in ROS detoxication. The expression of cGAPDH has been linked to stress conditions (temperature: [48] , heavy metals: [49] ). The higher expression observed for this gene under LL and HL compared with ML, especially after 6 days, confirms that the diatoms were grown under stress conditions. At the end of the period studied, the level of pigments is similar to that found in diatoms grown under ML (see electronic supplementary material, Data SD3). Photosynthesis was increased, while keeping respiration unchanged (see electronic supplementary material, Data SD4 and Data SD5). Altogether, these results are in line with earlier reports [9, 50, 51] and confirm that growth rate is dependent upon the daily light dose received by the microalgae [3] . Despite the fact that the cells had more photons at their disposal under HL conditions, the cultures did not produce more biomass than under ML (figure 1). The estimation of the C consumed by the culture indicated that the stationary phase under HL was also due to the reduction of carbon availability as more than 70% had been used (table 1). The management of light energy by the photosynthetic apparatus can be studied in vivo through recording the variations of the chlorophyll fluorescence yield during and after an actinic irradiation (for review, see [52] ). Analyses of the chlorophyll fluorescence yield indicated that the fractions of PSII reaction centres ( parameter qP) remaining open by HL was weak. The absorption of an excess of photons triggers mechanisms of energy dissipation as heat [52] . These mechanisms are collectively referred to as non-photochemical quenching because they lower the chlorophyll fluorescence yield [52] . The related parameters qN and q0 reflect the excess radiation converted to heat during actinic radiation. The large increase of q0 and qN parameters when compared with ML conditions indicates that the photons in excess are dissipated as heat. Rohacek et al. [22] established that in diatoms three main mechanisms (i.e. qNf, qNi and qNs), differing by their rate constant (s, min and h time-scale, respectively) and intensity, participate in qN. qNi is linked to the relaxation of the DpH gradient across thylakoids and the reversal of the xanthophyll cycle, i.e. the conversion of the xanthophyll diadinoxanthin to diatoxanthin upon lumen acidification (for a review, see [53] ). qNs quantifies the stage of photoinhibition caused by the high light exposure. The last component, qNf, seems to reflect fast conformational changes within thylakoid membranes in the vicinity of the photosystem II complexes. For the control cells, only qNf increased significantly, suggesting that under this light intensity, the need for a mechanism of light energy . This result fits well with the fact that under ML photon flux density, the expression of the genes coding the proteins of the PSII reaction centre ( psbA: D1, and psbD: D2) and those catabolizing the photodamaged PSII reaction center (FTSH1 and FTSH2) remain stable [9] . The gene psbD codes the photosystem II reaction centre D2 protein, one of the proteins with the highest turnover rate under stress conditions [54] . Because qNs is linked to photoinhibition, the significant increase in this parameter suggests that the excess of light energy activates both the xanthophyll cycle and photoinhibition. A higher level of photoinhibition would explain the reduced growth rate of the cultures transferred to HL when compared with ML ( figure 1 ). During the transition from ML to LL, the nonphotochemical quenching relaxes because the requirement for excess absorbed light energy vanished under this photon flux density.
(b) Light shift changes the pattern of gene expression
Metabolic reactions and gene regulation are two primary processes of cells leading carbon allocation to different pathways. In response to environmental changes, cells adjust the regulatory programmes and shift the metabolic states as reflected in their physiology [55] . To study the crosstalk between light acclimation and gene regulation, we exposed the cells under sudden light stress after acclimation to ML. A schematic of the central carbon metabolism is presented in the electronic supplementary material, Data SD6. Despite the fact that mRNA abundance is not always correlated with protein levels and enzyme activities [55] , it is frequently used as a good indicator of metabolic modifications [56] . Based on the measurements, the expression pattern of genes/isogenes encoding different enzymes in carbon metabolism pathways was variable according to light intensity and acclimation period after light shift (expression pattern of the genes is shown in figure 2 and log 2 values of the expression ratios are displayed in electronic supplementary material, Data SD7).
(c) Towards acclimation to high light
After the shift to HL, diatoms have an increased photosynthetic capacity (see electronic supplementary material, Data SD4) that would have generated additional ATP and NADPH. This would allow an increase of Calvin cycle activity (also supported by the increase of mRNA expression of FbaC1: 3.9-fold, FBPC3: 4.3-fold, TPI_2: 3.5-fold, RbcL: 2.2-fold), providing enough CO 2 is imported into the chloroplast. In our growing conditions, the diatoms were progressively starved of CO 2 and 6 days after the shift, approximately 80% of the initial CO 2 was consumed (table 1). To overcome the decrease of carbon supply, marine diatoms trigger carbon concentration mechanisms (CCM). CCM can operate through two pathways, the so-called biochemical and biophysical CCM. The biochemical mechanism consists of the fixation of solubilized CO 2 (i.e. HCO À 3 ) using C4-type metabolism. The biophysical CCM relies on carbonic anhydrases that facilitate CO 2 transport and solubilization from the growth medium to the pyrenoid, in which RuBisCO is concentrated [57] . In our conditions, the upregulation of several other genes coding enzymes of the biochemical CCM suggests an enforcement of the CO 2 import capacity, in line with the carbon shortage conditions. These enzymes are the mitochondrial pyruvate carboxylase (PYC1: 4.5-fold) and the endoplasmic reticulum PEP carboxylases (PEPC1: 2.6-fold, PEPC2: 2.5-fold, PEPCK: 1.4-fold, ME1: 1.3-fold) (figure 2). Genes coding for carbonic anhydrases located in the periplasmic space (CA2: 1.3-fold, CA6: 1.3-fold) and in the pyrenoid (CA3: 1.4-fold) [58] were moderately upregulated 3 days after the light shift and then significantly downregulated 6 days after the shift. These results suggest that the CO 2 import is directed towards the biochemical CCM more than the biophysical CCM. Six days after the shift, the genes coding for enzymes of the Calvin cycle were downregulated in response to CO 2 shortage in the growth medium.
The upregulation of the gene coding for the chloroplastlocated PGAM4 (1.2-fold) suggests that the 3-phospho-D-glycerate (3PG) was directed towards PEP formation (figure 2). PEP is at one side of the chloroplast pyruvate hub [59] , serving as a precursor of pyruvate or for the shikimate pathway. This possibility is likely because of the downregulation of the gene PK1 coding for the enzyme transforming PEP to pyruvate and the upregulation of several genes in the shikimate pathway (AT1G: 6.4-fold, SK: 2.8-fold, AroB: 1.3-fold) 3 days after the shift (figure 2). Six days after the shift, the upregulation of the shikimate pathway was even higher (AroA: 3.7-fold, AroB: 4.1-fold, EPSP: 3-fold, AT1G: 2.5-fold) compared with ML and strengthened by the upregulation of the gene PPDK that codes the enzyme converting pyruvate to PEP (figure 2). Phenolic compounds that are eventually produced by the shikimate pathway form an important group of natural products involved in responses to different kinds of biotic and abiotic stresses [60] . A few reports have dealt with their biosynthesis and role in diatoms. For instance, Rico et al. [61] reported their involvement in the protection of Phaeodactylum against metal toxicity such as copper or iron. Phenolic compounds have the capacity to absorb near UV and blue wavelengths [62] and display an antioxidant role in diatoms as well as in higher plants [63] . Such an activity might be required to protect the cells from ROS formation during size reduction of the light-harvesting antenna. Concomitantly, part of the PEP pool could be used, through pyruvate formation, for lipid and/or amino acid syntheses or, be transported to the other compartments for oxidation to CO 2 via the Krebs cycle [64] . This possibility is illustrated by the upregulation of the gene PEPC1 (1.6-fold) that encodes the enzyme converting PEP to oxaloacetate (OAA) in the endoplasmic reticulum and/or periplasmic space. The OAA produced could be transported into the mitochondria [65] to enter into the Krebs cycle. However, it could not be a crucial flux of PEP because no significant increase in respiration was detected (compared with ML).
Six days after the light shift to HL, the diatom cells contained more proteins and lipids than under ML (electronic supplementary material, figure SD8) . Because of the downregulation of PK1 (21.4-fold) and the upregulation of PPDK (1.5-fold) genes, and under the hypothesis that these levels of expression reflect the amount of the corresponding enzymes, the increase of lipids and proteins must be performed through an import of pyruvate from other compartments, i.e. mitochondria and cytoplasm [66] , using adequate transporters [65, 67] . This hypothesis is supported by the upregulation of cytosolic glycolytic enzymes (PK2: 1.2-fold, GPI: 8.3-fold, GPI_1: 1.6-fold and FBP: 1.5-fold) and the mitochondrial glycolytic rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160396 pathway (GAPC4: 1.2-fold, PGAM5: 2-fold and PGAM6: 1.5-fold) (figure 2). These upregulations were not observed 6 days after the shift except for the cGAPDH gene that was expressed 100 times more (figure 2).
Three days after the shift, several genes coding for enzymes involved in photorespiration ( peroxisome: GOX and MS; mitochondria: GOX2) were upregulated (5.2-, 1.7-and 18.1-fold, respectively, when compared with ML) (figure 2). These upregulations would favour glyoxylate and succinate synthesis that, in turn, can directly or indirectly enter the Krebs cycle to form intermediate metabolites for anabolic pathways like amino acid synthesis [68] . An increase FbaC2  FbaC5  FBPC1  FBPC2  FBPC3  FBPC4  GPI_3  TPI_l  TPI_2  6PGDH  SBP   PGAM1  PGAM2  PGAM3  PGAM4  PGAM5  PGAM6  GAPC1  PK1  PK2  PK3  PK4  PK5  PK6  GPI  GPI_1  GAPDH  cGAPDH  Fba3  Fba4  FBP  GAPC4   PPDK  SLV4_1  SLV4_2  SLV4_3  CA1  CA2  CA3  CA6  CA7  bcA4  bCA5   PEPC1  PYC1  PYC2  PEPCK  PEPC2  ME1  OMT1  MDH   PGP  GOX  GOX2  HPR  GDCP  GDCT  GDCH  MS   PDH1  PDHA1  PDHB1  ACC1  ACC2 BGS1 AroA AroB EPSP AT3G SK AT1G Figure 2 . Dysregulated heat map showing the expression pattern of 74 genes related to carbon metabolic pathways, with the greatest differences in expression (red, high; green, low). Columns represent 3 and 6 days after shift from medium light (ML) to low light (LL) and high light (HL). In both conditions, ML is used as calibrator. Asterisks indicate genes that are significantly regulated compared with ML ( p , 0.05).
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160396 of the photorespiratory activity would fit with the lowering of Q C after the light shift from ML to HL (table 1) .
(d) Towards acclimation to low light
Diatom cells shifted to LL were accumulating similar amounts of lipids and proteins (electronic supplementary material, figure SD8 ) compared with ML. This suggests that the fixed carbon was consumed to increase the pigment content as well as to produce substrates for respiration, which was more intense under LL (electronic supplementary material, figure SD3 ). In the first place, pyruvate formation was favoured 3 days after the light shift by upregulating genes coding for enzymes involved in the glycolytic pathways located in mitochondria (GAPC4: 6.1-fold, pyruvate kinase PK6: 2.6-fold), chloroplast (PK1: 2.1-fold) and cytosol (PK2: 3.5-fold, PK4: 1.5-fold, GPI: 1.6-fold, cGAPDH: 3.1-fold). Six days after the light shift, the cGAPDH gene was the most upregulated gene (37.5-fold), as under HL (figure 2). The fate of pyruvate was different under LL compared to HL. This is supported by the upregulation of TPI_2 (3.0-fold), FbaC5 (3.1-fold) and PYC2 (1.4-fold) genes coding for chloroplastic enzymes involved in glyceraldehyde 3-phosphate, dihydroxyacetone phosphate and OAA formation 3 days after the light shift. Six days after the light shift, the PYC1 gene, which codes for an enzyme converting pyruvate to OAA, was upregulated (3.6-fold), as under HL (figure 2). Upon transport, these intermediates can be used to feed the Krebs cycle. Interestingly, under LL, all the genes coding enzymes involved in the biophysical CCM were downregulated, probably participating in the decrease of the photosynthetic activity (electronic supplementary material, figure SD4 ).
Conclusion
The transcriptome of P. tricornutum has been studied in a few contexts, such as silicon metabolism [69] , short-term light acclimation [9] , salt and temperature variation [70] , carbon fixation, storage and utilization [71] and nitrogen stress [72] . To date, molecular mechanisms behind light acclimation during diatom growth remain largely unknown and growth-related modifications in gene expression induced by different light intensities in P. tricornutum have not yet been described. Exposure of cells to different growth light regimes after acclimation to ML induced composite acclimation patterns manifesting in strong alterations in cell biology, physiology and biochemical acclimation. In the growing conditions used here, a CO 2 shortage is mostly responsible for the cultures attaining the stationary phase. This CO 2 shortage triggered the biochemical CCM regardless of the photon flux density to which the cells were transferred. Owing to the observed downregulation of the carbonic anhydrases, LL shifted cells were facing CO 2 starvation, which is reflected in the reduction of their photosynthesis activity. Regardless of the mechanism used, i.e. the lighting conditions to which the cells were transferred, the carbon metabolism was directed towards the production of PEP and/or pyruvate. This may have involved cooperation between the different cell compartments. Remarkably, the fate of pyruvate was different with respect to the light intensity. Under LL, it could be used to synthesize compounds that would, in turn, be used to keep the respiratory activity high. Doing so, enough ATP would be generated to sustain growth and pigment synthesis. Under HL, part of the fixed carbon was used for the accumulation of lipids and proteins. Interestingly, the genes coding for the synthesis of aromatic amino acids and phenolic compounds, i.e. the shikimate pathway, are activated under HL. In photosynthetic organisms, phenolic compounds are involved in responses to biotic or abiotic stress conditions but only a few reports are dedicated to diatoms. Higher expression of the genes under HL might indicate their importance in protecting against excess light damage. Further studies are needed to better understand the function of the shikimate pathway in Phaeodactylum. Altogether, this study provides results on the molecular and physiological mechanisms used by diatoms to acclimate to lighting conditions. Beyond their interest for the understanding of the physiology and ecology of diatoms, our data might be of interest for the development of biotechnological processes aiming to produce proteins and/or pigments.
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